Received for publication 15 Adsorption of proteins onto solid surfaces is an important issue for many fields of research, including the design of biomedical devices, biocatalyst and biosensor development, food manufacturing, and protein separation techniques (1) . Adsorption phenomena are governed by many factors, including the charge and polarity of the interacting surfaces, the ease of desolvation, and the structural stability of the protein (2) .
Porous silica materials produced by the sol-gel technique provide an interesting system for testing the effects of surface chemistry on protein adsorption. Sol-gel-derived silica glasses are obtained by hydrolysis of a tetraalkoxysilane (typically tetramethyoxysilane (TMOS) or tetraethoxysilane) followed by condensation to form a network of Si-O-Si linkages (3) . The tetraalkoxysilane may be supplemented with other silane precursors, e.g., RSi(OCH 3 ) 3 , where R represents any nonhydrolyzable organic group, to incorporate new chemical functionality into the silica matrix. In this manner, glasses may be engineered to alter the charge, polarity, or hydrophobicity of the surface in contact with the solvent phase. Under many conditions, these glasses result in optically transparent materials that are amenable to spectroscopic techniques and therefore the study of protein structure after adsorption.
Because of the inherently mild processing conditions involved, many investigators use the sol-gel technique to encapsulate biomolecules in porous glasses as a noncovalent means of immobilization; proteins may be added to the liquid sol before the condensation reaction that leads to formation of the matrix is initiated. This approach has led to several examples where the encapsulated protein maintains its native structure and biological activity (4, 5) .
In the current study, silica glasses were made with TMOS and a series of RSi(OCH 3 ) 3 reagents (where R represents a methyl, propyl, trifluoropropyl, or n-hexyl group) to study adsorption as a function of increasing hydrophobicity. The choice of these functional groups was guided by previous work indicating that a low content of hydrophobic precursor can have a striking effect on the structure of an encapsulated protein (6, 7) .
Because the addition of organic groups may alter the porosity of the glass in addition to the surface chemistry, it is important to check the physical properties of the bulk glass. As shown in Table 1 , the 5% methyl, propyl, and hexyl glasses yield similar values for the specific surface area, pore volume, and average pore diameter. The control glass of 100% TMOS is characterized by larger pores and lower specific surface area than the alkyl-modified glasses, and the glass containing organic fluorine yields values intermediate between the two extremes. (See Figs. S1 and S2 in the Supplementary Material, Data S1, for pore size distributions and nitrogen adsorption/ desorption isotherms.)
Adsorption experiments were completed with two proteins: cytochrome c and apomyoglobin. The amount of adsorbed protein was inferred from the depletion of protein in the incubation buffer, as monitored by circular dichroism (CD) spectroscopy. In the far-UV region, the CD signal is a measure of secondary structure due to the differential absorbance of the peptide bonds that define the backbone. Since protein in the bulk solution is expected to maintain its native conformation, the reduced CD signal is directly proportional to the decrease in protein concentration. Measurements taken during the first 24 h revealed no significant difference in the rate of adsorption for the five glasses. The larger pore size of the control glass did not appear to enhance adsorption kinetics, and ;85% of the total protein in solution had adsorbed onto each glass after 24 h (see Fig. S3 of Data S1).
After the 24 h incubation, each glass was removed from the protein solution, analyzed by CD, and converted to units of molar ellipticity, [Q], using a protein concentration equal to the amount of adsorbed protein divided by the total volume of the glass wafer. As shown in Fig. 1 a, adsorption onto each glass yielded a similar spectrum for apomyoglobin, indicating a similar protein structure. Furthermore, the CD spectra indicate a major loss in helical content relative to the solution structure upon binding to the glass surface.
The same trend was observed for cytochrome c: protein adsorption resulted in a lower molar ellipticity, indicating less structure relative to the conformation in solution (Fig. 1 b) . In the case of cytochrome c, the deviation from the native state was less dramatic than apomyoglobin. This is likely due to a difference in protein stability: cytochrome c is a 104-residue protein with a heme group attached by two thioether bonds, whereas the noncovalent heme group of the 153-residue apomyoglobin has been removed. For both proteins, adsorption was essentially irreversible upon transfer to a protein-free phosphate buffer.
A general loss in native protein structure after adsorption onto solid surfaces has been observed in many systems. For example, reduced secondary structure upon binding to silica particles or silica gels has been detected by CD for serum albumin and hen eggwhite lysozyme (8), hemoglobin and myoglobin (9), T4 lysozyme (10), carbonic anhydrase II (11), subtilisin 309 (12) , and cutinase and a-chymotrypsin (13). In the specific case of adsorbed apomyoglobin, a change in conformation has been detected by fluorescence techniques (14) .
The results of the work presented here are remarkable because the same organically modified glasses that led to unfolding of adsorbed cytochrome c and apomyoglobin are known to enhance the secondary structure of apomyoglobin when the protein is encapsulated within the pores of the silica matrix during sol-gel formation (6, 7) . Table 2 compares the secondary structure of apomyoglobin under the two conditions (adsorbed versus encapsulated) using a structure analysis algorithm that estimates the helical content of the protein from the corresponding CD spectrum. For reference, the helical content of apomyoglobin in solution is 62% when calculated with the same algorithm.
In contrast to the adsorbed protein, apomyoglobin structure varies greatly in helical content when encapsulated in the same modified glasses. For the 5% hexyl-modified glass, adsorbed apomyoglobin has less than half the helical content found in solution, whereas the encapsulated protein exceeds the helical content found in solution. It should be noted that hyperhelical conformations also have been reported for proteins adsorbed (6) . Helical content calculated with CDNN software. onto strongly hydrophobic surfaces, including Teflon (12, 13, 15) and trichloromethylsilane-coated quartz (16) . It has been hypothesized that apomyoglobin is largely unfolded in the pores of an unmodified glass due to the unfavorable influence of the silica surface on the free energy of water (17) . Here we expand this hypothesis by stating that the unfolded state of encapsulated apomyoglobin is governed by an adsorption phenomenon, and this adsorption process is not mediated by electrostatic interactions or by hydrophobichydrophobic interactions. We suggest that protein adsorption is driven by desolvation of the silica surface and that desolvation is entropically favorable because silica can serve only as a proton acceptor, and never as a proton donor, in forming hydrogen bonds with the solvent (assuming pH . 4 when SiO À groups are present). This means that interfacial water molecules must be oriented in a similar manner with their protons pointing toward the oxygen atoms of the silica, resulting in a lowentropy state. Disturbing this layer of unfavorable water by introducing a new surface group appears to enhance the structure of neighboring protein molecules, even when the disruption is caused by a hydrophobic alkyl chain, as observed when apomyoglobin is confined to the pores of organically modified glasses by sol-gel encapsulation.
However, when free apomyoglobin adsorbs onto an organically modified glass from the bulk solution, the protein docks with the silica surface at locations with the highest free energy state of water, i.e., regions distant from any alkyl groups that disrupt the low-entropy hydration layer. After docking, the adsorbed protein will be prone to unfold on the glass surface to minimize the total number of thermodynamically unfavorable interactions between water and silica. This interpretation supports the view that water, in general, controls protein adsorption to surfaces (18) .
This explanation also is consistent with the observation that many adsorbed proteins recover native-like structure as the total surface loading increases (8, 9, 16) . At high protein loadings, regions with the most unfavorable surface energy will be occupied first, and ensuing molecules will adsorb to less-destabilizing positions. Thus, the fraction of native-like structure is expected to increase as the surface becomes more saturated with protein.
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